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Numerous studies on the surface modification and transport capacity of 
nanoparticles (NPs) still have limitations in biological barriers such as 
enzymatic degradation or non-specific delivery during circulation in the 
body. Herein, we developed pH-sensitive NPs that degrade in an acidic 
environment and release 5-aminolevulinic acid (5ALA) to the target site. 
NPs were prepared by conjugating alginate with folic acid, followed by 
encapsulation of 5ALA through a water-in-oil (W/O) emulsion method. 




homogeneous in size, stable for a long time in aqueous suspension without 
aggregation, and non-toxic. AF NPs were small enough to effciently 
infiltrate tumors (<50 nm) and were specifically internalized by cancer 
cells through receptor-mediated endocytosis. After the intracellular 
absorption of NPs, alginate was deprotonated in the lysosomes and 
released 5ALA, which was converted to protoporphyrin IX (PpIX) through 
mitochondrial heme synthesis. Our study outcomes demonstrated that AF 
NPs were not degraded by enzymes or other external factors before 
reaching cancer cells, and fluorescent precursors were specifically and 
accurately delivered to cancer cells to generate fluorescence.  
 
 
Keywords: alginate, folic acid, 5-aminolevulinic acid, nanoparticle, 
nanomedicine, bioimaging, cancer diagnosis 
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Chapter 1. Introduction 
 
 
In cancer nanomedicine, the delivery of a drug specifically to a lesion site 
using nanoparticles (NPs) has been widely studied. Therefore, it is 
necessary to develop a drug delivery system that can improve drug 
specificity, prevent drug leakage, and be maintained for a long time before 
reaching a target organ in blood. In addition, efforts are needed to reduce 
the side effects of therapeutic NPs [1,2]. After the discovery of the 
enhanced permeability and retention (EPR) effect, extensive research into 
the application of NPs for chemotherapy of solid tumors has begun [3]. 
Numerous types of NPs have been developed over the years, which are 
now widely utilized in bioimaging due to their optimized surface 
modification and the ability to transport various therapeutic components 
[4]. Fluorescence imaging is a noninvasive bioimaging modality used for 
cancer diagnosis and as a guide for cancer resection surgery [5–8]. Over 
the past few decades, fluorescence-mediated cancer detection has evolved 
to accurately differentiate cancer tissues, rather than distinguishing cancer 
tissues based on subjective evaluation with the naked eye [9]. These 
advances reduce the time and cost of cancer treatment and improve quality. 




transport of fluorescent materials, such as enzymatic degradation, 
inadequate accumulation, and nonspecific distribution still remain to be 
crossed [1,3]. 
Alginate is a natural anionic polysaccharide, extracted from brown algae. 
It is widely used in numerous pharmaceutical and biotechnological 
application due to its biocompatibility, biodegradability, non-toxicity, low 
cost, and easily controlled physical properties [10]. The general 
biomedical applications of alginate hydrogels are in drug delivery, cell 
transplantation, and wound healing [11,12]. In the acidic environment, 
alginate undergoes acid-catalyzed hydrolysis and these properties are 
applied to drug release systems [10,13,14]. The properties of alginate can 
be optimized for specific applications through chemical modification [13]. 
Folic acid has been extensively studied as a cancer uptake ligand [15–18]. 
It is often used as an agent for targeted drug delivery because of its high 
affinity for folic acid receptors, low cost, non-immunogenicity, and 
biostability. Folic acid receptors are overexpressed in cancer cell 
epithelium, which is useful for the targeting of cancer cell membranes and 
facilitates nanoparticle endocytosis [19–22]. 5-aminolevulinic acid (5ALA) 
is a precursor of protoporphyrin IX (PpIX), a photosensitizer that is 




approved by the U.S. FDA, has few side effects, and has the advantage of 
being quickly excreted from the body [6,23–25], therefore, it is used as a 
fluorescent agent for cancer diagnosis and surgical resection in many 
preclinical and clinical applications [7,8]. Generally, 5ALA is transported 
to the cancer cells by a nanocarrier because of its low selectivity for cancer 
cells and poor cell permeability, which is engulfed by bacteria [24,26]. 
Therefore, NPs encapsulated with 5ALA are stable in the circulatory 
system but are still required to be safely and accurately delivered to the 
target cancer cells. Additionally, there are many biopolymer drug delivery 
systems conjugated with folic acid. Among them, there is a study in which 
the 5ALA encapsulation ratio is increased by adding alginate [27]. We 
reduced the cost and conjugated folic acid to alginate in a simple way to 
increase the 5ALA encapsulation ratio and devised a drug delivery system 
that could be used in vivo later. 
In this research, we fabricated stable NPs to improve selectivity and 
prolong blood circulation time and pH-dependent degradability to deliver 
5ALA to a larger number of cancer cells. Alginate and folic acid were used 
to improve the cellular uptake efficiency. The carboxyl group of the 
alginate interacted electrostatically with 5ALA, and the hydroxyl group 




via blood circulation and bound to folic acid receptors in the cancer cell 
epithelium, causing their cellular internalization. The stability of NPs was 
demonstrated through physicochemical characterization, and the toxicity 
assay confirmed that the NPs were non-toxic. Therefore, this study 
suggests new nanoparticles that cause improved internalization in cancer 
fluorescence imaging and that cancer-specific drugs are released by the 




Chapter 2. Experimental Methods 
 
2.1 Materials 
Sodium alginate was obtained at Wako Pure Chemical Industries (11 kDa, 
Osaka, Japan). Folic acid, tetrabutylammonium hydroxide solution 
(TBAOH), tetrabutylammonium fluoride hydrate (TBAF), 1,1′-
carbonyldiimidazole (CDI), soybean oil, 5-aminolevulinic acid 
hydrochloride (5ALA, 98%), sorbitan oleate (Span 80), and Polysorbate 
80 (Tween 80) were supplied from Sigma-Aldrich (St Louis, MO, USA). 
Hydrogen peroxide (H2O2, 30.0–35.5%), dimethyl sulfoxide (DMSO, 
99.8%), sodium carbonate (Na2CO3), and hydrochloric acid (HCl, 35.0–
37.0%) were purchased from Samchun (Gyeonggi-do, Korea). 2,4,6-
trinitrobenzene sulfonic acid (TNBSA, 5% w/v) solution, and bicinchoninic 
acid (BCA) assay kit were obtained from Thermo Fisher (Waltham, MA, 
USA). The MCF-7 (breast adenocarcinoma), A549 (lung carcinoma), and 
SKOV-3 (ovarian adenocarcinoma) cell lines were procured from Korea 
Cell Line Bank (Seoul, Korea). The human fibroblast (HFB) cell line was 
offered by Seoul National University Hospital (Bundang, Gyeonggi-do, 
Korea). RIPA lysis buffer was purchased from Biosesang (Gyeonggi-do, 




Molecular Technologies, Inc. (Kumamoto, Japan). 
 
2.2 Synthesis of AF 
To synthesize alginate-conjugated folic acid (AF), sodium alginate (1 g, 
4.632 mmol) was added to a 30 mL mixture of ethanol/0.6 M HCl and 
stirred for 18 h at 4 °C. Alginic acid was produced and it was filtered in 
vacuo using qualitative filter paper (Whatman™), washed several times 
with alcohol and acetone, transferred to a vial, and dried under vacuum 
overnight. The dried alginic acid was dissolved in water (30 mL) and 4% 
TBAOH was added with continuous stirring until the solution reached pH 9. 
The opaque solution was lyophilized to yield white TBA-alginate. 
Folic acid (0.408 g, 0.9264 mmol) mixed with DMSO (10 mL) and CDI 
(0.1502 g, 0.9264 mmol) was added. The compound was stirred under N2 
gas at 25 °C in the dark for 24 h. Then, TBA-alginate was dissolved in 50 
mL DMSO with 1 wt% TBAF. Under continuous stirring, the folic acid/CDI 
compound was added to the TBA-alginate solution and left to react 
overnight in the dark at 40 °C. The product was precipitated in ice cold 
ethanol/methanol (1:1) containing 0.01 M HCl, filtered, and washed with 
alcohol. The product was neutralized by dissolving in a solution of sodium 




analyzed by Proton nuclear magnetic resonance (1H NMR ) spectra, Fourier 
transform infrared (FT-IR) spectra, and UV-vis spectroscopy. 
 
2.3 Preparation of ALA loaded NPs 
To synthesize alginate-conjugated AF NPs were fabricated using a W/O 
emulsion method with probe sonication [28]. Briefly, soybean oil, co-
surfactant (a mixture of Span80 and Tween80), and the aqueous phase 
(AF, 5ALA) were mixed in a glass vial at a weight ratio of 7:2:1. For 
particle optimization, different NP samples were prepared by adjusting the 
hydrophilic-lipophilic balance (HLB) values and AF concentration (0.5–1 
wt%), while the concentration of 5ALA was fixed at 1 wt%. The solution 
was mixed, followed by sonication without on-off pulse using a probe-
type sonicator (VC-750, Sonics and Materials, Newtown, USA) for 10 min 
at 40% amplitude. Then, the mixture was obtained as a yellowish opaque 
solution, which was redispersed in deionized (DI) water or Phosphate-
buffered saline (PBS) and centrifuged. The NPs gathered at the liquid 
interface were collected and filtered using a syringe membrane filter 
(DISMIC-25, Advantec, Tokyo, Japan). Lastly, dialysis was performed for 
24 h using a dialysis membrane (Cellu-Sep MWCO 25 kDa) to remove 




2.4 Characterization of AF 
To synthesize alginate-conjugated 1H NMR spectra (JNM-LA400, JEOL, 
Tokyo, Japan) were obtained at 400 MHz; alginate and AF were measured 
at 80 °C and other compounds were measured at 25 °C. FT-IR spectra 
(ALPHA, Bruker, Billerica, MA, USA) were recorded at frequency range 
4000–400 cm−1 to characterize AF. UV-vis spectral analysis was 
performed by a Nanodrop 2000 spectrophotometer (Thermo Fisher, USA). 
The average size, distribution frequency by size, and ζ potential of AF 
NPs were analyzed using a Zetasizer (Malvern, UK). The scattering was 
measured at 25 °C at an angle of 173°. The NPs were stored at 4 °C and 
stability was assessed by recording the NP size over a period of three 
months. Transmission electron microscopy (TEM JEM-3010, JEOL, 
Tokyo, Japan) was used to observe the morphology of AF NPs. 
 
2.5 Encapsulation efficiency and ALA release 
profiles AF 
The concentration of 5ALA contained in the AF NPs was measured by 
NP decomposition. AF NPs (1 mL) were dispersed in 1.5% hydrogen 




37 °C, then stirred vigorously for 2 h. After NP decomposition was 
complete, 5ALA was separated by centrifugation at 12,300 g using a 
Microsep device (MWCO 1 kDa). The suspension was collected, lyophilized, 
and 5ALA quantified using TNBSA solution according to the 
manufacturer’s instructions. The 5ALA loading capacity (LC) and 
encapsulation efficiency (EE) in AF NPs was calculated as per the 
equations presented: 
LC %




𝐸𝑛𝑡𝑟𝑎𝑝𝑝𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 5 𝐴𝐿𝐴
𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 5 𝐴𝐿𝐴
100 
The release profile of 5ALA was assessed under two different pH 
environments (PBS at pH 5.0 and pH 7.4) at 37 °C. 5ALA-containing AF 
NPs (2 mL) were placed in a dialysis membrane (MWCO 1 kDa) in 8 mL 
PBS at pH 5.0 or pH 7.4 and stirred at 37 °C, to simulate the lysosomal and 
normal physiological pH values, respectively. After a fixed time, the 
release solution taken out and fresh PBS was added. The concentration of 
5ALA in the dialysis solution was analyzed on a microplate reader 
(Synergy H1, BioTek, Winooski, USA) using TNBSA solution according to 
the manufacturer’s instruction. The cumulative 5ALA concentration 
released from AF NPs was calculated based on the following equation: 
𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒






where 𝑇  indicates the total amount of 5ALA in the AF NPs, 𝑉  is the 
total volume of the release solution (𝑉  = 10 mL), 𝑉  is the volume of the 
added PBS (𝑉  = 1 mL), and 𝐶  indicates the concentration of 5ALA in the 
sample. 
 
2.6 Cell culture  
The human fibroblast cell line HFB was cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS) and 1% 
penicillin-streptomycin (PS). MCF-7, A549, and SKOV-3 cell lines were 
cultured in RPMI 1640 with 10% FBS and 1% PS. All cell lines were 
cultured in a humidified 37 °C constant temperature incubator set to 5% 
CO2. 
 
2.7 Quantification of PpIX  
To quantify the intracellular accumulation of PpIX, cells were placed at 
0.5 × 106 cells per well in 24-well plates. The medium cultured for 48 h 
was replaced with fresh serum-free media containing AF NPs (0.1 mg/mL) 
and incubated for 24 h. After uptake of AF NPs and conversion of 5ALA to 




washed by PBS. Then, 100 µL ice-cold RIPA lysis buffer was treated to 
each well to extract PpIX, mixed well, and incubated on ice for 30 min, 
vortexing 4–6 times. At 4 °C for 20 min, the lysis solution was centrifuged 
at 14,000 g. The supernatant was placed to a black 96-well plate and then 
measured with a microplate reader for fluorescence intensity analysis at 
635 nm emission wavelength (405 nm excitation wavelength) and 
fluorescence gain 150. BCA assay was used to obtain a quantitative 
fluorescence value according to the cell numbers by normalizing the 
fluorescence intensity to the total protein concentration of the lysate. 
 
2.8 Cytotoxicity  
For the cytotoxicity test, cells were placed at 5 × 103 cells per well in 
96-well plates and preincubated for 24 h at 37 °C. The four cell lines were 
incubated with different concentrations of NPs (12.5, 25, 50, 100 or 200 
μg/mL) at 37 °C for 6, 12 or 24 h. After removing the NP-containing media, 
CCK-8 solution in media was treated and reacted in a 37 °C incubator for 





2.9 Cellular internalization and Fluorescence 
image of PpIX generation  
To assess the cellular uptake of AF NPs, all cell lines were placed at 0.05 
× 106 cells per well in 48-well plates and preincubated at 37 °C for 48 h. 
The media was replaced with fresh media without serum containing AF NPs 
(0.1 mg/mL) and incubated for 12 or 24 h. The cells were washed by PBS 
and added 100 μL 4% paraformaldehyde solution to each well to fix for 15 
min. 4′,6-diamidino-2-phenylindole (DAPI) was used for cell nuclei 
staining and placed at room temperature for 20 min. After the staining 
procedure, cells were washed using Dulbecco’s PBS and fluorescence 
image was observed through a confocal fluorescence microscope (Zeiss Z1 
Axio Observer, Carl Zeiss, Oberkochen, Germany). Fluorescence of PpIX 
was observed under the conditions of AT560/40 nm excitation and 635/60 






Chapter 3. Results and Discussion 
 
 
  The release process of 5ALA is shown in Figure 1. AF NPs are bound to 
folic acid receptors overexpressed on the surface of cancer cells, 
endocytosis, and then degraded in a lysosomal pH environment, resulting 
in 5ALA release. The emitted 5ALA is converted to PpIX by heme 
synthesis, and when the accumulated PpIX is excited at a wavelength of 
405 nm, it emits fluorescence at a wavelength of 635 nm. 
Alginate is soluble only in aqueous solutions. To allow sodium alginate to 
be dissolved in an organic solvent, it was modified with TBAOH [29,30]. 
The TBA-alginate was characterized by FT-IR and 1H NMR spectroscopy 
and compared to the spectra of unmodified alginate. In the FT-IR spectrum, 
O-H stretching is observed at approximately 3400 cm−1. A new peak 
corresponding to the aliphatic C-H stretching of TBA was seen at 2870–
2960 cm−1. The characteristic 1H NMR peaks occurred at 3.5 ppm (-
CH2-), 2 ppm (-CH2-), 1.7 ppm (-CH2-), and 1.3 ppm (-CH3) (Figure 
2). 
AF (600.52 Da) was successfully conjugated by esterification. The 




carboxylic acid portion of secondary carbon, which is more reactive in folic 
acid. In addition, the CDI of the primary carbon carboxylic acid portion of 
folic acid is removed by treating the strong acid (HCl) in the precipitation 
process after the reaction [31,32]. The synthesis of AF was confirmed by 
1H NMR. The 1H NMR spectra represents alginate, folic acid, and AF 
(Figure 4). In the 1H NMR spectra of AF, the peaks at 8.1 and 7.3 ppm 
were attributed to the aromatic protons of folic acid. Furthermore, the 
peaks at 7.6, 8.2, and 9.1 ppm corresponded to protons of the pterin ring 
of folic acid, and the peaks appearing from 4 to 5.5 ppm were peaks 
associated with the basic structure of alginate. Compared to the folic acid 
1H NMR spectrum, the peaks corresponding to folic acid in the AF 
spectrum were shifted slightly. These results indicate that folic acid was 
successfully conjugated to alginate. 
As shown in Figure 5A, the FT-IR spectrum of AF revealed ester 
carbonyl stretching vibrations (C=O) at 1727cm−1 and C-O-C stretching 
vibrations at 1378 and 1188 cm−1. The folic acid reference spectrum 
showed an absorption peak between 3600 and 3280 cm−1 because of –OH 
and NH–, respectively. The peaks observed at 1685 and 1602 cm−1 
corresponded to the C=O and N–H of the carboxyl group, respectively. The 




alginate showed a specific peak at 3317 cm−1 as a result of the hydroxyl 
group (–OH), and at 1600 cm−1 as a result of asymmetric stretching of 
COO bonding. Another specific peak shows at 1406 cm−1 as a cause of 
symmetric vibration. Additionally, the peak at 1022 cm−1 indicated 
elongation of C-O [34,35]. All peaks corresponding to folic acid and 
alginate were identified in the AF IR spectra. 
To confirm that folic acid was covalently bound to alginate, UV-vis 
spectroscopy was carried out. The AF spectrum showed absorption at 275 
nm (Figure 5B). Folic acid absorbed light at approximately 285 nm, which 
was due to the typical π→π* transition of the pterin ring. In addition, AF 
showed absorption peaks at 254 and 350 nm, at the same peak position as 
folic acid, which demonstrated the successful conjugation of folic acid with 
alginate. The reason for the bathochromic shift of folic acid in the AF NPs 
is the polarity change of the solvent. In the UV Spectroscopy measurement, 
the solvent of AF was DI water and the solvent of folic acid was DMSO. 
Ionic gel formation is one of the most important properties of alginate. 
The gelation effect is caused by divalent ions which allow a high degree of 
coordination with guluronate blocks, described as the egg box model [36]. 
Generally, calcium chloride is used as a cross-linking agent for alginate 




chloride to verify whether AF shared the characteristic properties of 
alginate. When 1.5 wt% of calcium chloride was added to 1 wt% of both 










Figure 1. Schematic illustration of 5-aminolevulinic acid hydrochloride 










Figure 2. Characterization of TBA-Alginate. (A) FT-IR spectra of TBA-




























Figure 5. (A) FT-IR spectra and (B) UV-Vis spectroscopy of AF, folic 
acid and alginate. (C) Gelation behavior of AF and alginate. AF (left) and 
alginate (right) were dissolved in deionized (DI) water at 1 wt% and 





Different NPs were prepared by varying the AF concentration (0.5–1 
wt%) and co-surfactant ratios. The characterization results for the various 
types of NPs are shown in Table (Figure 6). AF NPs were fabricated by 
the W/O emulsification technique. The NPs were stored in PBS and the 
mean size of NPs was characterized by dynamic light scattering (DLS). As 
seen in Table (Figure 6), the smallest size of NP was approximately 45 nm, 
which could efficiently penetrate tumors and result in a higher 
internalization rate [37,38]. ζ potential is an important indicator of the 
stability of NPs and is caused by net electrical charge on the nanoparticle 
surface in solution. All NPs had a negative average surface charge due to 
the carboxyl group of the alginate, with an absolute value of 20 or more. 
The largest absolute value of ζ potential, −29.3 ± 0.1 mV, was observed for 
the smallest nanoparticle (Figure 6). These results revealed that NPs 
formed a stable suspension. AF NPs were stable over a period of three 
months as evidenced by the measurement of the size distribution (Figure 
7B). The AF nanoparticle size distribution diagrams are shown in Figure 
8a. The TEM micrograph and size distribution of AF nanoparticles are 
shown in Figure 7A. The TEM image clearly shows that the NPs have 




The size distribution of NPs was obtained by analyzing the diameter of 230 
particles, and the average size was found to be 25 nm. 
To confirm that the negatively charged AF NPs were affected by proteins 
in the cell medium, the size distribution of AF NPs stored in 4 °C PBS and 
AF NPs cultured in the cell medium at 37 °C for 24 h was compared (Figure 
8b). AF NPs cultured in the medium for 24 h were observed to have effect 
on proteins as the size increased by 2 nm from 42 to 44 nm in diameter. 
The 5ALA loading capacity (LC) and encapsulation efficiency (EE) of 
the various AF NPs are shown in Figure 6. LC increased with increasing 
AF concentration, and EE also increased with 1 wt% AF yielding an EE four 
times greater than that of 0.5 wt%. This was due to an increase in the 
number of ionic bonds between the alginate nanocarrier and the amphoteric 
ionic polysaccharide of 5ALA [39]. Therefore, as the AF concentration 
increased, a higher concentration of 5ALA could be encapsulated, thereby 








Figure 6. Classification by nanoparticle fabrication conditions. The average 
size, ζ potential, 5-ALA loading capacity (LC) and encapsulation 









Figure 7. Physicochemical characterization of nanoparticles (NPs). (A) 
Transmission electron microscopy (TEM) image showing the morphology 
of NP4. The size distribution was calculated by measuring the diameters of 
230 NPs. Scale bar = 50 nm. (B) Stability of NPs over time. The four 




the size change was measured by dynamic light scattering (DLS).        
(C) Quantitative fluorescence measurement of NPs. The NPs were 
dispersed in either deionized (DI) water or PBS and incubated for 24 h with 
human ovarian adenocarcinoma (SKOV-3) cells, and subsequently 
fluorescence measurements were acquired. The relative fluorescence unit 
(RFU) of PpIX was normalized to the amount of intracellular protein 
measured by bicinchoninic acid (BCA) assay. All data are presented as 









Figure 8. (A) The intensity according to the size of the four types of AF 
NPs was measured and indicated using DLS. (B) The size distribution of 
AF NPs stored in PBS at 4℃ and AF NPs incubated at 37℃ for 24 hours 





The release kinetics of 5ALA from AF NPs were investigated at pH 5.0 
and pH 7.4. As shown in Figure 6, no more than 30% of 5ALA was released 
over the experimental period at pH 7.4. These results indicate that the 
5ALA contained in AF NPs remained stable under physiological conditions. 
However, more than 80% of the encapsulated 5ALA is released after 80 h 
at pH 5, with exponential release observed between 12–24 h. This 
exponential release was due to the deprotonation and decomposition of the 
alginate carboxylic acid group at acidic pH [10,13,14]. Therefore, acid-
catalyzed hydrolysis of alginate occurs in acidic environments, and AF NPs 
decompose to release the drug. These results suggest the potential for use 
in endoscopy as a target for gastrointestinal tract cancer. Even if 5ALA is 
released at pH (~7.4) in vivo, it will not exhibit a signal-to-noise ratio 










Figure 9. In vitro cumulative release kinetics of 5ALA from AF NPs at 
37 °C. Evaluation was performed at pH 7.4 and pH 5. The cumulative 5ALA 
release was measured by 2,4,6-trinitrobenzene sulfonic acid (TNBSA) 





PpIX accumulation in cells was quantitatively measured. To express the 
PpIX concentration proportional to the number of cells, the fluorescence 
intensity was normalized to the amount of protein extracted from the cells 
measured by BCA assay. The intracellular protein concentration calculated 
by the BCA assay is shown in Figure 10. The fluorescence measurements 
of the different types of NPs, dispersed in DI water or PBS and incubated 
with cancer cells for 24 h, is shown in Figure 7C. The fluorescence 
intensity was higher for the samples dispersed in PBS than those in DI 
water. Sample NP4 showed the strongest fluorescence intensity, which 
was proportional to the EE value of these particles. Therefore, NP4 was 
used for all in vitro tests. The change in fluorescence intensity over time 
in the cancer cell lines in comparison with normal HFB cells is shown in 
Figure 11. No fluorescence was observed in the normal cells, whereas the 
fluorescence intensity showed a gradual increase in cancer cells up to 12 
h, and then rapidly increased until 24 h. FR-α is expressed at similar levels 
in MCF7 and A549, while it is abundantly expressed in SKOV3. Therefore, 
the fluorescence intensity of A549 and MCF-7 for 24 h was similar, and 









Figure 10. (A) The standard curve of BSA for BCA assay. (B) The 









Figure 11. Quantitative fluorescence measurements of PpIX generated by 
AF NPs in three cancer cell lines (A549, MCF-7, and SKOV-3) and one 






The cytotoxicity of AF NPs was investigated through CCK-8. The 
biocompatibility of the NPs was demonstrated by expressing the cell 
viability against the NP concentration and incubation time (Figure 12). Folic 
acid and 5ALA are normally present in the body, and alginate is also a 
natural product, and is a clinically approved substance. Therefore, AF NPs 
did not display high levels of cytotoxicity even at the highest concentration 
for 24 h [24,28,41,42]. 
  Fluorescence imaging was carried out using a fluorescence microscope 
to observe whether the AF NPs were up-taken to the cells and to show 
the accumulation of PpIX. Fluorescence images were measured after an 
appropriate incubation period (12 h, 24 h) for alginate decomposition to 
occur in the cells. In the normal HFB cell line, no fluorescence was 
observed after NP treatment (Figure 7A). However, fluorescence began to 
appear in the three cancer cell lines 12 h after incubation with NPs (Figure 
7B–D). In Figure S2b, there was an effect of protein on AF NPs, but as a 
result, the recognition by membrane epitope was not a significant problem 
in targeting. When the AF NPs were up-taken from the cells, the 
selectivity was good without a significant problem in targeting. 
To demonstrate the role of folic acid in the internalization of AF NPs, 




performed. After incubation with alginate NPs for 24 h, no fluorescence 
was observed in normal cells and fluorescence was observed in cancer 
cells (Figure 7A–D). This suggests that the folic acid-modified NPs bind 
to folic acid receptors specifically overexpressed in cancer cells, thereby 
efficiently delivering 5ALA to cancer cells. AF NPs were internalized by 
cells through folate receptor-mediated endocytosis and degraded at the 
lysosomal/endosomal pH. Subsequently, the 5ALA released from the NPs 
was converted to PpIX through the heme synthesis pathway, which led to 
its accumulation in cancer cells and resulted in fluorescence. In normal cells, 
the small amount of 5ALA released from endocytosed NPs can be fully 
converted to heme without resulting in accumulation of PpIX, therefore no 









Figure 12. Cytotoxicity test of AF nanoparticles. After treating AF 
nanoparticles of various concentrations for 6h, 12h, and 24h, the toxicity 









Figure 13. Fluorescence imaging of intracellular PpIX generation in (A) 
human fibroblast (HFB), (B) human lung adenocarcinoma (A549), (C) 
human breast adenocarcinoma (MCF-7), and (D) human ovarian 
adenocarcinoma (SKOV-3) cell lines. Representative fluorescence 
micrographs of normal cells (A) and tumor cell lines (B–D) show cells after 




diamidino-2-phenylindole (DAPI) (blue), PpIX is shown in red. To 
characterize the role of folic acid, alginate NPs were incubated with cells 
for 24 h, and the fluorescence micrographs obtained are compared with 





Chapter 4. Conclusion 
 
 
  In this study, the generation of new polymer nanoparticles containing 
fluorescent precursors specific for cancer cells was described. Folic acid 
and alginate were successfully conjugated and 5ALA was also successfully 
loaded. Nanoparticles were specifically incorporated into cancer cells 
through incorporation into receptor-mediated endocytosis. Also, 
nanoparticles are sensitive to pH, so that the alginate hydrolyzes in an 
acidic lysosomal environment, releasing 5ALA. The results of this study 
are important because they describe strategies to prevent drug leakage 
while nanoparticles remain in the body and increase drug distribution to 
target tissues due to specific absorption of nanoparticles by cancer cells. 
In addition, nanoparticles exhibited characteristics of non-toxicity, 
stability and uniformity. In the future, supported photosensitizers (5ALA) 
could be extended to animal models to study whether PDT effects are 
present in cancerous lesion sites. It can also be used to treat cancer as a 








[1] Jin, Q.; Deng, Y.; Chen, X.; Ji, J. Rational Design of Cancer 
Nanomedicine for Simultaneous Stealth Surface and Enhanced Cellular 
Uptake. ACS Nano 2019, 13, 954–977. 
[2] Bjornmalm, M.; Thurecht, K.J.; Michael, M.; Scott, A.M.; Caruso, F. 
Bridging Bio-Nano Science and Cancer Nanomedicine. ACS Nano 2017, 
11, 9594–9613. 
[3] Blanco, E.; Shen, H.; Ferrari, M. Principles of nanoparticle design for 
overcoming biological barriers to drug delivery. Nat. Biotechnol. 2015, 
33, 941–951. 
[4] Pratiwi, F.W.; Kuo, C.W.; Chen, B.C.; Chen, P.L. Recent advances in the 
use of fluorescent nanoparticles for bioimaging. Nanomedicine-UK 
2019, 14, 1759–1769. 
[5] Yao, J.; Yang, M.; Duan, Y.X. Chemistry, Biology, and Medicine of 
Fluorescent Nanomaterials and Related Systems: New Insights into 
Biosensing, Bioimaging, Genomics, Diagnostics, and Therapy. Chem. 
Rev. 2014, 114, 6130–6178. 
[6] Agostinis, P.; Berg, K.; Cengel, K.A.; Foster, T.H.; Girotti, A.W.; 
Gollnick, S.O.; Hahn, S.M.; Hamblin, M.R.; Juzeniene, A.; Kessel, D., et 
al. Photodynamic therapy of cancer: An update. CA Cancer J. Clin. 2011, 
61, 250–281. 
[7] Lau, D.; Hervey-Jumper, S.L.; Chang, S.; Molinaro, A.M.; McDermott, 




5-aminolevulinic acid to assess the correlation of intraoperative 
fluorescence intensity and degree of histologic cellularity during 
resection of high-grade gliomas. J. Neurosurg. 2016, 124, 1300–1309. 
[8] Ni, D.; Zhang, J.; Bu, W.; Xing, H.; Han, F.; Xiao, Q.; Yao, Z.; Chen, F.; 
He, Q.; Liu, J., et al. Dual-targeting upconversion nanoprobes across 
the blood-brain barrier for magnetic resonance/fluorescence imaging 
of intracranial glioblastoma. ACS Nano 2014, 8, 1231–1242. 
[9] Zhang, R.R.; Schroeder, A.B.; Grudzinski, J.J.; Rosenthal, E.L.; Warram, 
J.M.; Pinchuk, A.N.; Eliceiri, K.W.; Kuo, J.S.; Weichert, J.P. Beyond the 
margins: Real-time detection of cancer using targeted fluorophores. 
Nat. Rev. Clin. Oncol. 2017, 14, 347–364. 
[10] Guarino, V.; Caputo, T.; Altobelli, R.; Ambrosio, L. Degradation 
properties and metabolic activity of alginate and chitosan 
polyelectrolytes for drug delivery and tissue engineering applications. 
AIMS Mater. Sci. 2015, 2, 497–502. 
[11] Lee, K.Y.; Mooney, D.J. Alginate: Properties and biomedical 
applications. Prog. Polym. Sci. 2012, 37, 106–126. 
[12] Miao, T.; Fenn, S.L.; Charron, P.N.; Oldinski, R.A. Self-Healing and 
Thermoresponsive Dual-Cross-Linked Alginate Hydrogels Based on 
Supramolecular Inclusion Complexes. Biomacromolecules 2015, 16, 
3740–3750. 
[13] Pawar, S.N.; Edgar, K.J. Alginate derivatization: A review of 





[14] Haug, A.; Myklestad, S.; Larsen, B.; Smidsrod, O. Correlation 
between Chemical Structure and Physical Properties of Alginates. Acta 
Chem. Scand. 1967, 21, 768–778. 
[15] Pizzuti, V.J.; Misra, R.; Lee, J.; Torregrosa-Allen, S.E.; Currie, M.P.; 
Clark, S.R.; Patel, A.P.; Schorr, C.R.; Jones-Hall, Y.; Childress, M.O.; 
et al. Folic Acid-Conjugated Radioluminescent Calcium Tungstate 
Nanoparticles as Radio-Sensitizers for Cancer Radiotherapy. ACS 
Biomater. Sci. Eng. 2019, 5, 4776–4789. 
[16] Leamon, C.P.; Reddy, J.A. Folate-targeted chemotherapy. Adv. 
Drug Deliv. Rev. 2004, 56, 1127–1141. 
[17] Yu, M.K.; Park, J.; Jon, S. Targeting Strategies for Multifunctional 
Nanoparticles in Cancer Imaging and Therapy. Theranostics 2012, 2, 
3–44. 
[18] Gazzali, A.M.; Lobry, M.; Colombeau, L.; Acherar, S.; Azais, H.; 
Mordon, S.; Arnoux, P.; Baros, F.; Vanderesse, R.; Frochot, C. Stability 
of folic acid under several parameters. Eur. J. Pharm. Sci. 2016, 93, 
419–430. 
[19] Akhtar, M.J.; Ahamed, M.; Alhadlaq, H.A.; Alrokayan, S.A.; Kumar, 
S. Targeted anticancer therapy: Overexpressed receptors and 
nanotechnology. Clin. Chim. Acta 2014, 436, 78–92. 
[20] Low, P.S.; Antony, A.C. Folate receptor-targeted drugs for cancer 
and inflammatory diseases—Preface. Adv Drug Deliver Rev 2004, 56, 
1055–1058. 
[21] Zhang, Y.; Kohler, N.; Zhang, M.Q. Surface modification of 
superparamagnetic magnetite nanoparticles and their intracellular 




[22] Park, E.K.; Lee, S.B.; Lee, Y.M. Preparation and characterization of 
methoxy poly(ethylene glycol)/poly(epsilon-caprolactone) 
amphiphilic block copolymeric nanospheres for tumor-specific folate-
mediated targeting of anticancer drugs. Biomaterials 2005, 26, 1053–
1061. 
[23] Kwiatkowski, S.; Knap, B.; Przystupski, D.; Saczko, J.; Kedzierska, 
E.; Knap-Czop, K.; Kotlinska, J.; Michel, O.; Kotowski, K.; Kulbacka, J. 
Photodynamic therapy–mechanisms, photosensitizers and 
combinations. Biomed. Pharmacother. 2018, 106, 1098–1107. 
[24] Han, H.J.; Jin, Q.; Wang, H.B.; Teng, W.Z.; Wu, J.; Tong, H.X.; Chen, 
T.T.; Ji, J. Intracellular Dual Fluorescent Lightup Bioprobes for Image-
Guided Photodynamic Cancer Therapy. Small 2016, 12, 3870–3878. 
[25] Sachar, M.; Anderson, K.E.; Ma, X. Protoporphyrin IX: The Good, 
the Bad, and the Ugly. J. Pharmacol. Exp. Ther. 2016, 356, 267–275. 
[26] Wu, J.N.; Han, H.J.; Jin, Q.; Li, Z.H.; Li, H.; Ji, J. Design and Proof 
of Programmed 5-Aminolevulinic Acid Prodrug Nanocarriers for 
Targeted Photodynamic Cancer Therapy. ACS Appl. Mater. Interfaces 
2017, 9, 14596–14605. 
[27] Yang, S.J.; Lin, F.H.; Tsai, H.M.; Lin, C.F.; Chin, H.C.; Wong, J.M.; 
Shieh, M.J. Alginate-folic acid-modified chitosan nanoparticles for 
photodynamic detection of intestinal neoplasms. Biomaterials 2011, 32, 
2174–2182. 
[28] Jeong, Y.; Kim, G.; Jeong, S.; Lee, B.; Kim, S.; Koh, W.G.; Lee, K. 
Cancer Selective Turn-On Fluorescence Imaging Using a Biopolymeric 




[29] Pawar, S.N.; Edgar, K.J. Chemical modification of alginates in 
organic solvent systems. Biomacromolecules 2011, 12, 4095–4103. 
[30] Kapishon, V.; Whitney, R.A.; Champagne, P.; Cunningham, M.F.; 
Neufeld, R.J. Polymerization Induced Self-Assembly of Alginate Based 
Amphiphilic Graft Copolymers Synthesized by Single Electron Transfer 
Living Radical Polymerization. Biomacromolecules 2015, 16, 2040–
2048. 
[31] Nair, K.L.; Jagadeeshan, S.; Nair, S.A.; Kumar, G.S.V. Folic Acid 
Conjugated delta-Valerolactone-Poly(ethylene glycol) Based 
Triblock Copolymer as a Promising Carrier for Targeted Doxorubicin 
Delivery. PLoS ONE 2013, 8. 
[32] Vu-Quang, H.; Vinding, M.S.; Nielsen, T.; Ullisch, M.G.; Nielsen, 
N.C.; Nguyen, D.T.; Kjems, J. Pluronic F127-Folate Coated Super 
Paramagenic Iron Oxide Nanoparticles as Contrast Agent for Cancer 
Diagnosis in Magnetic Resonance Imaging. Polymers 2019, 11. 
[33] Zhang, J.; Rana, S.; Srivastava, R.S.; Misra, R.D. On the chemical 
synthesis and drug delivery response of folate receptor-activated, 
polyethylene glycol-functionalized magnetite nanoparticles. Acta 
Biomater. 2008, 4, 40–48. 
[34] Sarmento, B.; Ferreira, D.; Veiga, F.; Ribeiro, A. Characterization of 
insulin-loaded alginate nanoparticles produced by ionotropic pre-
gelation through DSC and FTIR studies. Carbohyd. Polym. 2006, 66, 1–
7. 
[35] Dong, Z.F.; Wang, Q.; Du, Y.M. Alginate/gelatin blend films and their 





[36] Grant, G.T.; Morris, E.R.; Rees, D.A.; Smith, P.J.C.; Thom, D. 
Biological Interactions between Polysaccharides and Divalent Cations: 
Egg-Box Model. FEBS Lett 1973, 32, 195–198. 
[37] Jiang, W.; Kim, B.Y.S.; Rutka, J.T.; Chan, W.C.W. Nanoparticle-
mediated cellular response is size-dependent. Nat. Nanotechnol. 2008, 
3, 145–150. 
[38] Chithrani, B.D.; Ghazani, A.A.; Chan, W.C.W. Determining the size 
and shape dependence of gold nanoparticle uptake into mammalian cells. 
Nano Lett. 2006, 6, 662–668. 
[39] Di Martino, A.; Pavelkova, A.; Postnikov, P.S.; Sedlarik, V. 
Enhancement of 5-aminolevulinic acid phototoxicity by encapsulation 
in polysaccharides based nanocomplexes for photodynamic therapy 
application. J. Photochem. Photobiol. B 2017, 175, 226–234. 
[40] Yu, Y.; Wang, J.; Kaul, S.C.; Wadhwa, R.; Miyako, E. Folic Acid 
Receptor-Mediated Targeting Enhances the Cytotoxicity, Efficacy, 
and Selectivity of Withania somnifera Leaf Extract: In vitro and in vivo 
Evidence. Front. Oncol. 2019, 9, 602. 
[41] Ma, X.; Qu, Q.; Zhao, Y. Targeted delivery of 5-aminolevulinic acid 
by multifunctional hollow mesoporous silica nanoparticles for 
photodynamic skin cancer therapy. ACS Appl. Mater. Interfaces 2015, 
7, 10671–10676. 
[42] Zhao, X.W.; Zhang, J.L.; Shi, L.H.; Xian, M.; Dong, C.; Shuang, S.M. 
Folic acid-conjugated carbon dots as green fluorescent probes based 
on cellular targeting imaging for recognizing cancer cells. RSC Adv. 







암 진단을 위한 pH 민감성 엽산 
결합 알지네이트 형광 유도 








암 나노 의학에서, 나노입자의 표면 개질 및 수송 능력에 대한 수많은 
연구가 수행되었다. 그러나, 체내 순환 동안 효소에 의한 분해 또는 비특이적 
전달과 같은 생물학적 장벽은 여전히 해결해야 하는 문제로 남아있다. 본 
연구에서는 산성 환경에서 분해되어 표적 부위에 5-아미노레불린산을 
방출하는 pH 민감성 나노입자를 개발하였다. 알지네이트에 결합한 엽산을 
제조한 후, 유중수 에멀젼 방법을 통해 5-아미노레불린산을 캡슐화하여 
나노입자를 제조하였다. 알지네이트 접합 엽산 나노입자 (AF NP)는 크기가 
균일하고 나노 입자 사이에 응집없이 수성 현탁액에서 오랫동안 안정적이며 




침윤되기에 충분히 작은 크기이며, 수용체 매개 세포 내 이입을 통해 암세포에 
특이적으로 내재화되었다. 나노입자의 세포 내 흡수 이후 알지네이트는 리소좀 
환경, 즉 산성환경에서 가수분해로 인해 탈 양성자 화 되고 나노입자는 
분해되어 5-아미노레불린산을 방출하였다. 5-아미노레불린산은 
미토콘드리아의 헴 합성과정을 통해 프로토포르피린 IX로 전환되었다. 본 
연구에서 알지네이트 접합 엽산 나노입자가 암세포에 도달하기 전에 효소에 
의해 분해되거나 다른 외부요인에 의해 분해되지 않았으며, 형광 전구체가 
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